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Abstract

:

The Yellow River has a high sand content, and sand deposition in the pipelines behind the pumping station occurs from time to time. It is of great significance to reasonably predict the critical velocity of the small-angled V-inclined water transportation pipes. In this study, a Eulerian multiphase model was employed to simulate the solid–liquid two-phase flow. Based on the conservation of the sand transport rate, the critical velocity of the V-inclined pipe was predicted. The effects of simulated pipeline length, pipe inclination and particle size were investigated. The results show that when the simulated pipeline length reached a certain value, it did not affect the prediction of the critical velocity of the overall pipeline. The   ± 2   ∘    pipe inclination had a negligible effect on the critical velocity for transporting small-sized particles, but it led to the nonuniform and asymmetrical distribution of liquid velocity and sand deposition at the different cross-sections. As the particle size increased, the critical velocity also increased. However, the influence of particle size on the critical velocity is currently complicated, resulting in a large difference between numerical simulation and empirical formulas when transporting large-sized particles. Accurate prediction of critical velocity is important for long-distance water transportation pipelines to prevent sand deposition and reduce costs.






Keywords:


V-inclined pipe; sand transport; critical velocity; numerical simulation












1. Introduction


The Yellow River in China is one of the rivers with the highest sand content in the world, containing a large proportion of small-sized suspended particles [1]. Due to the changes in the flow rate during the operation of the Yellow River long-distance water transportation pipelines, different degrees of sand deposition are produced in the pipelines. The characteristics of sand transport in the pipe can be described by the flow regime, which is divided into different velocities [2,3,4,5,6,7]. With a sufficiently high flow velocity, the sand can be completely suspended in the water, which can be considered as a homogeneous flow. However, if the flow velocity is low enough to reach a certain value, the sand separates from the water and the flow in the pipe becomes a heterogeneous flow. At an even lower flow velocity, the sand forms a moving bed at the bottom of the pipe and eventually a stationary deposition.



Scholars have conducted plenty of research on the velocities that delineate the different flow regimes, especially the critical velocity that triggers sand deposition at the bottom of the pipes [8,9,10,11]. Critical velocity is one of the most important parameters of pipelines, and it ensures the economic and safe operation of long-distance water transportation. In order to solve the sand deposition problem in the water transportation pipelines, the inflow velocity needs to be higher than the critical velocity. In practical engineering applications, the critical velocity law in the pipelines is extremely complex and affected by many factors. There are three main factors that affect the critical velocity: (1) pipe characteristics: pipe diameter and wall roughness; (2) fluid characteristics: slurry velocity and sand content; and (3) particle characteristics: particle size and particle grading composition, etc.



The critical velocity corresponds to the transition of the particle motion state. Since scholars focus on different particle motion states, the definitions of critical velocity are also distinct. Wasp [12], Shook [13] and Kokpinar [14] considered the critical velocity as the lowest point on the head loss and velocity curve of the pipe. Azamathulla [15] believed that the critical velocity is the value at which the flow velocity changes from small to large until there is no sand deposition at all. Durand [16], Thomas [17], Graf [18] et al. defined the critical velocity as the velocity from large to small until some particles begin to deposit, i.e., the minimum velocity at which all particles can remain in motion. According to He [19], the critical velocity is the average velocity of the cross-section when obvious bedload movement occurs in the pipe. An [20] considers the critical velocity as the average velocity of the cross-section when sand is pushed forward linearly and slowly at the bottom of the pipe without pile deposition. Although the above definitions of critical velocity are different, they are judged by the occurrence of sand deposition at the bottom of the pipes.



At present, there are two methods for predicting the critical velocity: an empirical formula and numerical simulation. Disagreement on the definition of critical velocity, differences in experimental measurement methods and differences in the hydraulic parameters chosen for the calculations lead to different empirical formulas. The representative ones are the formulas of Durand, Wasp, Shook, Turian and He Wuquan. However, the structural form of these formulas and the parameters involved vary greatly and are not universal. Compared with the empirical formulas obtained from experiments, numerical simulation has the advantage of being less expensive and more adaptable. Therefore, it is necessary to study critical velocity using numerical simulation. With the development of CFD, the numerical simulation of solid–liquid two-phase flow has been developed, and three-dimensional numerical simulation has greater advantages in analyzing local pipe sections. Sajeev [21] verified the accuracy of solid–liquid two-phase flow by numerical simulation in comparison with experiments. Ling [22] used a simplified ASM model to simulate the low-concentration solid–liquid two-phase flow. Kaushal [23] performed numerical simulations of pipeline slurry flow with mono-dispersed fine particles at high concentrations using Mixture and Eulerian two-phase models and found that the Eulerian model gives more accurate predictions for both the pressure drop and concentration profiles. Januário [24] used the CFD-DEM method to analyze characteristics of slurry flow at different velocities and compared this with the experiments. Dabirian [25] numerically simulated the critical velocity and compared it with experiments to investigate the effects of parameters such as particle size and fluid viscosity on sand transport in horizontal pipelines and to illustrate the feasibility of numerical simulation predictions of critical velocity. Yang [26] investigated the transport and deposition characteristics of sand in the pipeline by means of the Eulerian multiphase flow model and examined the effects of inlet velocity, particle size and sand concentration.



Long-distance water transportation pipelines unavoidably follow undulating topography. Although the bending angle is small, it complicates the multiphase flow. Most studies have focused on the flow in horizontal pipes and other forms of inclined pipes. Therefore, it is of great significance to study the critical velocity of V-inclined pipe with a small bend angle. Al-lababidi [27] compared a horizontal pipe with a +5° upward-inclined pipe and found that the pipe inclination had a negligible effect on the critical velocity but a significant effect on the sand transport. Danielson [28] studied the sand transport in −1.35° and +4° upward-inclined pipes in liquid and liquid–gas flow and found that the pipe inclination had no significant effect on the sand transport in liquid. Dabirian [29] experimentally investigated the effect of parameters such as particle size, sand content and phase velocity on the three-phase flow of a +1.5° upward-inclined pipe. Conversely, Tebowei et al. [30] used the Eulerian–Eulerian two-fluid model to simulate the sand transport in the V-inclined pipeline. They found that the small-angled V-inclined pipe had a significant impact on sand disposition compared to the horizontal section, and the critical velocity was much higher at the downstream section of the V-inclined pipe. Nossair [31] experimentally studied a +3.6° upward-inclined pipe and found that a higher flow rate is required to eliminate sand deposition in small-angle upward-inclined pipe compared to horizontal pipe. Stevenson [32] reported that downward-inclined pipe is more prone to sand deposition than upward-inclined pipe. Wang [33] used a single variable to conduct experimental research on an inclined pipe. They found that there is an optimal angle between the horizontal and inclined pipes, which makes the critical velocity have a maximum value. They also modified Wasp’s empirical formula to obtain the critical velocity of the inclined pipe. V-inclined pipes tend to be affected by the curvature of the pipe and require more attention compared to separate upward- and downward-inclined pipes.



In this paper, a three-dimensional numerical simulation of a small-angle V-slope water transportation pipe was performed to predict the critical velocity of the pipe based on the conservation of the sand transport rate. The accuracy of the numerical simulation was verified by comparing it with the empirical formula. The effect of simulated pipeline length, pipe inclination and particle size on the critical nonsiltation flow velocity was investigated by controlling a single variable.




2. Numerical Method


2.1. Governing Equations


In the solid–liquid two-phase flow, the water is the primary phase while the sand is the secondary phase. The Eulerian multiphase model was employed to predict the solid–liquid two-phase flow in the pipe [26,30,34,35].The model treats each phase as a continuous medium in time and space, existing in the same space and permeating each other. However, each phase has different volume fraction velocities, temperatures and densities. There is slip and interaction between phases. Momentum and continuity equations are solved for each phase. The following is the governing equation of the Eulerian model applicable to multiphase flow.



The description of multiphase flow as interpenetrating continua incorporates the concept of phasic volume fractions, denoted here by   α q  .


   ∑  q = 1  n    α q  = 1   



(1)







The solid phase is represented by s, the liquid phase is represented by l,   α   s    and   α   l    is the volume fraction of the liquid phase and the solid phase respectively, then:


   α   s   +  α l  = 1  



(2)







The conservation of the mass equation for phase q is:


   ∂  ∂ t     α q   ρ q   + ∇ ·   α q   ρ q   v q   =  ∑  p = 1  n     m ˙   p q   −   m ˙   q p     



(3)




where   ρ q   is the physical density of phase q,   v q   is the velocity of phase q,    m ˙   q p    characterizes the mass transfer from phase q to phase p, and    m ˙   p q    characterizes the mass transfer from phase p to phase q, and t is time.



In this study, there was no mass transfer between the solid and liquid phases, so    m ˙   q p    and    m ˙   p q    are both 0, and Equation (3) was simplified as:


   ∂  ∂ t     α q   ρ q   + ∇ ·   α q   ρ q   v q    = 0   



(4)







The conservation of momentum equation for phase q is:


      ∂  ∂ t     α q   ρ q   v q   + ∇ ·   α q   ρ q   v q   v q   =     −  α q  ∇ p + ∇ ·     τ ¯   ¯  q  +  α q   ρ q  g        +  ∑  p = 1  n    R  p q   +   m ˙   p q    v  p q   −   m ˙   q p    v  q p           +   F q  +  F  l i f t , q   +  F  w l , q   +  F  v m , q   +  F  t d , q        



(5)




where     τ ¯  ¯  q   is the qth-phase stress–strain tensor:


     τ ¯  ¯  q  =  α q   μ q   ∇  v q  + ∇    v q   T   +  α q    λ q  −  2 3   μ q   ∇ ·  v q    I ¯  ¯   



(6)




where g is the acceleration of gravity,   μ q   and   λ q   are the shear and bulk viscosity of phase q,    I ¯  ¯   is the unit tensor,   F q   is an external body force,   F  l i f t , q    is a lift force,   F  w l , q    is a wall lubrication force,   F  v m , q    is a virtual mass force,   F  t d , q    is a turbulent dispersion force, and p is the pressure shared by all phases.   R  p q    is an interaction force between phases.   v  p q    and   v  q p    are the interphase velocities.



This paper considered the effect of gravity on sand deposition. Only the interaction force was considered between phases, ignoring the forces that have less influence such as lift force and virtual mass force. Equation (5) can be simplified as:


   ∂  ∂ t     α q   ρ q   v q   + ∇ ·   α q   ρ q   v q   v q   = −  α q  ∇ p + ∇ ·    τ ¯  ¯  q  +  α q   ρ q  g +  R  p q    



(7)







For solid–liquid two-phase flow, the interaction force uses the Wen-Yu model and satisfies    R  l s   = −  R  s l    :


   R  l s   =   3  α s   α l   ρ l    v s  −  v l     4  d s       α l    − 2.65   ·  24   α l  R  e f     [ 1 + 0.15   (  α l  R  e f  )   0.687   ]  ·  (  v l  −  v s  )   



(8)




where   d s   is the diameter of the solid phase; and   R  e f    is the relative Reynolds number.




2.2. Turbulence Model


Three turbulence models are used to simulate turbulence in multiphase flows: the mixture turbulence model, the dispersed turbulence model and a per-phase turbulence model. These models were used by Kaushal [23], Li [34] and Ekambara [36], respectively. The choice of turbulence model is based on the importance of the second-phase turbulence. The mixture turbulence model uses mixture properties and mixture velocities, which are sufficient to capture important features of the turbulent flow. Therefore, it was also used in this study to reduce the computational overhead while meeting the accuracy requirements of the calculation.



The turbulence kinetic energy k and its rate of dissipation  ε  are obtained from the following transport equations:


   ∂  ∂ t     ρ m  k  + ∇ ·   ρ m   v m  k  = ∇ ·    μ m  +   μ  t , m    σ k    ∇ k  +  G  k , m   −  ρ m  ε  



(9)






  [  ∂  ∂ t     ρ m  ε  + ∇ ·   ρ m   v m  ε  = ∇ ·    μ m  +   μ  t , m    σ ε    ∇ ε  +  ε k    C  1 ε    G  k , m   −  C  2 ε    ρ m  ε  ]  



(10)




where   σ k   and   σ ε   are the turbulent Prandtl numbers for k and  ε , respectively.   C  1 ε    and   C  2 ε    are constants.



  G  k , m   , the generation of turbulence kinetic energy, is described as:


   G  k , m   =  μ  t , m    ∇  v m  +    ∇  v m    T   : ∇  v m   



(11)







The turbulent viscosity   μ  t , m    for the mixture can be expressed as:


   μ  t , m   =  ρ m   C μ     k  2  ε   



(12)




where   C μ   is a constant.



The mixture density   ρ m  , velocity   v m   and molecular viscosity   μ m   are listed below:


   ρ m  =  ∑  i = 1  N    α i   ρ i    



(13)






   v m  =     ∑  i = 1  N     α i   ρ i   v i       ∑  i = 1  N     α i   ρ i      



(14)






   μ m  =  ∑  i = 1  N    α i   μ i    



(15)




where   α i  ,   ρ i  ,   μ i   and   v i   are the volume fraction, density, viscosity and velocity of the ith phase, respectively.




2.3. Computational Domain and Grid-Independent Analysis


The typical small-angled V-inclined pipe in the pipeline irrigation project of the Yellow River irrigation area was used as the research object. It consisted of −2° downward-inclined pipe and +2° upward-inclined pipe, as shown in Figure 1. The prototype size was used for three-dimensional modeling. The pipe diameter and length were 2600 mm and 80 m, respectively. The sections denoted S1, S2, S3, S4 and S5 on the pipe, as shown in the figure, are the cross-sections where the predicted data were obtained for analysis. Sand deposition at different inflow velocities can be observed in these cross-sections. S3 was the section where the lowest point of the pipe was located. S1, S2, S4 and S5 were located at −20 m, −10 m, 10 m and 20 m, respectively, from the S3 section.



In the study of sand transport and deposition characteristics of multiphase flow, the grid is an important factor affecting the numerical simulation. The coarse mesh of 764,000 cells, the medium mesh of 1,487,600 cells, and the fine mesh of 1,855,600 cells were employed to analyze the sensitivity of the grid resolution to the numerical simulation results, as shown in Figure 2. Considering the influence of wall roughness on the sand deposition, five boundary layers were established along the surface with a growth factor of 1.2, and the height of the first layer from the wall was 5 mm.



The slurry velocity at the S3 cross-section was chosen to evaluate the effect of the grid number on the flow characteristics. Numerical simulations were carried out at an inlet volume fraction of 0.42% and an inlet velocity of 0.3 m/s. Table 1 shows the slurry velocity at the S3 cross-section for different grid numbers and the relative errors between them. Considering the computational time and accuracy, the final numerical simulation of the multiphase flow was carried out with a grid number of 1,487,600.




2.4. Solution Strategies and Boundary Conditions


The ANSYS FLUENT software was used as a computational platform. The pressure and velocity equations were coupled using a phase-coupled SIMPLE algorithm. The continuity, momentum and turbulence equations were discretized by the second-order upwind scheme, while the volume fraction equation was discretized by the first-order upwind. Velocity and volume fraction of liquid and solid phases were assigned at the inlet condition of this pipe. The pressure was specified at the outlet condition of this pipe. The turbulence specification method used the intensity and hydraulic diameter. At the wall, the velocity was set to zero, which corresponds to the no-slip condition.



The literature shows that the particle size has a greater effect on critical velocity than bed roughness [37]. In the numerical simulation, the roughness of the pipe was not considered. The liquid phase was regarded as an incompressible fluid, and the physical properties of the solid phase were all constants, without considering the phase transformation. The shapes comprising the solid phase were treated as spherical particles of the same size. Table 2 shows parameters under different simulation conditions.



The numerical simulation method for solid–liquid two-phase flow used in this paper was validated by previous experiments [23,26]. The prediction of the critical velocity was achieved by setting different inflow velocities.





3. Results and Discussion


3.1. Comparison between Empirical Formula and Numerical Simulation


Many scholars have summarized the empirical formula of critical velocity in horizontal pipe through experiments. In this study, the critical velocity was predicted by numerical simulation based on the conservation of the sand transport rate. To verify the accuracy, a numerical simulation of the horizontal pipe was carried out and compared with the critical velocity obtained by the empirical formula.



3.1.1. Empirical Formula for Critical Velocity


There are differences in the definition and experimental measurement methods of critical velocity, resulting in different empirical formulas. The factors affecting the critical flow rate generally include sand content, particle size, pipe diameter, pipe roughness, etc. The representative empirical formulas are shown in Table 3.



In Table 3   F L   is the modified Froude number when the solid particles appear to settle and thus deposit, which needs to be measured experimentally.   C D   is the drag coefficient,  ω  is the settling velocity of particles, K is the correction factor, and the self-pressure pipe is taken as 1.05.



It can be seen from Table 3 that the empirical formulas based on experiments have similar structural characteristics, but the exponents and coefficients of each parameter are quite different. In most formulas, the critical velocity has an exponential relationship with the pipe diameter, and the critical velocity increases with the increase in the pipe diameter. At the same time, there is an exponential relationship between the critical velocity and sand content    v c  ∝    C V   m   0 < m < 1   . Many studies have shown that the critical velocity increases with the increase in the sand content. When a certain limit is reached, the critical velocity decreases. There is a limit value between the critical velocity and the sand content. On the one hand, the increase in sand content inhibits the turbulent intensity of the liquid, and on the other hand, it increases the viscosity between particles and reduces the settling velocity of particles. However, the relationship between critical velocity and particle size is different. The particle size is not included in the formula of Shook. The critical velocity in the formula of Wasp is proportional to the particle size. Although the formula of He Wuquan does not contain particle size, the settling velocity in the formula is proportional to the particle size. It can be seen that the relationship between critical velocity and particle size is complicated.




3.1.2. Numerical Simulation for Critical Velocity


The empirical formula of critical velocity is influenced by experimental measurements as well as the measured parameters, and thus has poor applicability and reliability. Numerical simulation can be used to predict the critical velocity under different conditions, which is more economical.



The movement of sand in the pipelines of the Yellow River irrigation area is dominated by suspension movement, and sand deposition does not easily occur. However, due to the change in flow rate during operation, the sand deposition will occur when the flow rate is too low to maintain the suspension movement of sand. In this paper, critical velocity in the pipe was predicted based on the conservation of the sand transport rate. If the inlet and outlet mass flow rate of sand is basically equal, that is, the net mass flow rate is close to 0, the sand volume concentration no longer changes with time and sand in the pipe reaches the equilibrium between transport and deposition at that inflow velocity. In this paper, it was considered that on the premise of reaching the equilibrium between transport and deposition, the minimum inflow velocity at which the sand volume concentration does not increase with time is the critical velocity of the pipe. At the critical velocity, the sand moves slowly at the bottom of the pipe, but it will not accumulate in piles.



Three-dimensional numerical simulations under different inflow velocities for the horizontal pipe in Table 2 were carried out. Figure 3 and Figure 4 show the change in net mass flow rate and sand volume concentration with time under different inflow velocities. It can be seen from Figure 3 that the net mass flow rate of sand was basically stable after the flow time of 1000 s. When the inflow velocity was greater than 0.3 m/s, and the net mass flow rate was stable near 0, that is, the sand transport at the inlet was equal to that at the outlet, and the equilibrium between transport and deposition was achieved. When the inflow velocity was 0.3 m/s, the net mass flow rate was stable around a certain value but still greater than 0, which indicates that the sand increases with time under this inflow velocity, and a part of sand is deposited at the bottom of the pipe. This conclusion can also be seen in Figure 4. When the inflow velocity was 0.3 m/s, the sand volume concentration increased gradually with time. However, when the inflow velocity increased to 0.4 m/s, the sand volume concentration did not increase with time. The stable sand volume concentration was slightly larger than the initial given concentration of 0.42%, indicating that there was still slight sand deposition. The sand at the bottom of the pipe slides or rolls on the bed surface, but does not affect transportation. In summary, the critical velocity of the horizontal pipe was predicted to be 0.4 m/s by numerical simulation.



The parameters of sand used in this paper come from real data from the pipeline irrigation project of the Yellow River irrigation area. The test sand sample of the He Wuquan formula is also from the Yellow River, so this empirical formula was selected to verify the accuracy of numerical simulation. Substituting the parameters of horizontal pipe in Table 2 into the He Wuquan formula, the critical velocity was found to be as 0.43 m/s. The results from the numerical simulation are in general agreement with this, which illustrates the accuracy of the numerical simulation in predicting the critical velocity.





3.2. Effect of Simulated Pipeline Length


The length of the pipeline in the irrigation project of the Yellow River irrigation area is as long as 40 km. Affected by computer performance, the three-dimensional numerical simulation of the entire pipeline cannot be carried out. Therefore, the effect of different simulated pipeline lengths on predicting the critical velocity of the pipe was investigated. The research object was the V-inclined pipe shown in Table 2. The simulated pipeline lengths were selected to be 80 m, 150 m and 200 m, respectively, and the particle size was set to 0.02 mm.



As shown in Figure 5, Figure 6 and Figure 7, there was a change in the net mass flow rate with flow time under different simulated pipeline lengths of 80 m, 150 m and 200 m, respectively. It can be seen that the net mass flow rate of sand was basically stable after 1000 s, 1200 s and 1500 s for the simulated pipeline lengths of 80 m, 150 m and 200 m, respectively. When the inflow velocity was greater than 0.3 m/s, the net mass flow rate was stable near 0, reaching equilibrium between transport and deposition. When the inflow velocity was 0.3 m/s, the net mass flow rate was stable around a certain value, but still greater than 0. This shows that the sand in the pipe keeps increasing with time.



As shown in Figure 8, Figure 9 and Figure 10, there was a change in sand volume concentration with flow time under different simulated pipeline lengths of 80 m, 150 m and 200 m, respectively. It can be seen that at the inflow velocity of 0.3 m/s, sand volume concentration had been increasing under the three simulated pipeline lengths, which is related to the fact that the net mass flow is not 0 after a certain period of flow, indicating that there is a continuous sand deposition in the V-inclined pipe. When the inflow velocity increased to 0.4 m/s, sand volume concentration no longer changed with time under the three simulated pipeline lengths. Therefore, the amount of sand deposition does not increase over time. The critical velocity of the V-inclined pipe at all three pipe lengths was 0.4 m/s.



In summary, the simulated pipeline length had almost no effect on the prediction of the critical velocity of the V-inclined pipe after a certain length. In addition, the stable sand volume concentration for different lengths at 0.4 m/s was slightly larger than the initially given value of 0.42%. Additionally, with the increase in simulated pipeline length, the sand volume concentration after stabilization was larger, which shows that simulated pipeline lengths have an effect on the amount of deposition and deposition forms.




3.3. Effect of Pipe Inclination


The effect of pipe inclination on critical velocity can be obtained by comparing Figure 3 and Figure 4 with Figure 5 and Figure 8. It can be found that under the same conditions as other parameters, the critical velocity of   ± 2   ∘    V-inclined pipe and horizontal pipe when transporting particles with a size of 0.02 mm is 0.4 m/s for both.



Although the   ± 2   ∘    pipe inclination had no obvious effect on the critical velocity, the V-inclined pipe was different from the horizontal pipe in that the pipe curvature still had an impact on the flow and sand deposition. Figure 11 shows the liquid velocity at different cross-sections when the inflow velocity was 0.4 m/s. y is the height of the pipe. It can be seen that the liquid velocity of the section conformed to the distribution characteristics of high velocity in the center of the pipe and low velocity near the pipe wall. Pipe inclination had a certain influence on the liquid velocity of the cross-sections. The liquid velocity of the horizontal pipe was symmetrical similar to that of the central axis. However, the liquid velocity of the V-shaped inclined pipe presented a nonuniform and asymmetric distribution, especially in the upward pipe. The liquid velocity near the top of the pipe was higher than that near the bottom of the pipe.



Figure 12 and Figure 13 are the sand volume concentration contours at different cross-sections of the horizontal pipe and the V-inclined pipe, respectively. It can be seen that the distribution of sand in each cross-section of the horizontal pipe was basically the same. In the V-inclined pipe, there were obvious differences between the upward and downward pipes. Sand was mainly concentrated in the upward pipe. The sand deposition was the largest at the lowest cross-section of the pipe. The low-velocity zone produced by sand deposition had an impact on the liquid velocity distribution, and the low-velocity movement of sand squeezed the main flow, thus resulting in the uniform and asymmetric distribution in Figure 11b. The fundamental reason for these phenomena is that the force on the particles in the V-inclined pipe is different from that in the horizontal pipe. The effect of gravity on the upward and downward pipes is different. In the downward pipe section, the component force of gravity is in the same direction as the flow direction, which can promote the flow of sand, while in the upward pipe section, it acts as a resistance in the opposite direction.




3.4. Effect of Particle Size


It can be seen from the empirical formula of the horizontal pipe that the relationship between the critical velocity and the particle size was complicated, and the critical velocity calculated by different formulas was very different. Therefore, the influence of different particle sizes on predicting the critical velocity of V-inclined pipe was investigated.



As shown in Figure 5, Figure 14 and Figure 15, there were changes in the net mass flow rate with the flow time under different particle sizes of 0.02 mm, 0.05 mm and 0.1 mm, respectively. The critical velocity was also predicted based on the conservation of the sand transport rate. It can be seen that the net mass flow rate was basically stable after the flow time of 1000 s under different particle sizes. When the flow velocity increased to 0.4 m/s, 1.1 m/s and 1.5 m/s respectively, the net mass flow rate was basically 0. At this time, sand volume concentration no longer changed with time. As shown in Figure 8, Figure 16 and Figure 17, the sand in the V-inclined pipe reached equilibrium between transport and deposition, and the amount of sand deposition did not increase with time. Therefore, the critical velocity of the pipeline under the particle sizes of 0.02 mm, 0.05 mm and 0.1 mm was 0.4 m/s, 1.1 m/s and 1.5 m/s, respectively.



As the particle size increased, the critical velocity increased accordingly, which is consistent with the force of particles in the pipe. When the particles move in the pipe, they are affected by gravity and buoyancy in the vertical direction. The larger the particle size, the easier it is to deposit, and the greater the transporting velocity is required. There was no significant difference in the critical velocity in the V-inclined pipe when the horizontal pipe transport particle size was 0.02 mm, as mentioned in Section 3.3. The critical velocity under different particle sizes was calculated using the Wasp and He Wuquan formulas, which are related to the particle size given in Table 3. The comparison between empirical formulas and numerical simulation of the V-inclined pipe is shown in Table 4. When transporting smaller particles with particle sizes of 0.02 mm and 0.05 mm, the critical velocity calculated by the empirical formula and numerical simulation was basically the same. However, when transporting larger particles with a particle size of 0.1 mm, there was a significant difference. The reason for the difference is that, on the one hand, different empirical formulas have large differences in the prediction of critical velocity under the same particle size, and the inaccuracy of empirical formula prediction increases; on the other hand, the assumption of spherical particles is adopted in the numerical simulation, and only the drag force effect is considered between phases, which has a certain influence on the prediction of critical velocity.





4. Conclusions


Predicting critical velocity using numerical simulations can greatly reduce labor and cost. In this paper, the critical velocity of the   ± 2   ∘    V-inclined pipe was predicted using three-dimensional numerical simulation based on the conservation of the sand transport rate. The critical velocity predicted by the simulation of the horizontal pipe was basically consistent with the empirical formula, which verified the accuracy of the method. Numerical simulations of V-inclined pipe under different parameters were carried out, and the results show that:



(1) When the simulation length of the pipe reaches a certain value, it has no obvious effect on the prediction of the critical velocity of the V-inclined pipe. However, it will have an effect on the amount of deposition and deposition forms.



(2) Compared with the horizontal pipe, the   ± 2   ∘    pipe inclination has no obvious effect on the critical velocity of transporting 0.02 mm small-sized particles. In addition, the pipe inclination leads to the nonuniform and asymmetrical distribution of liquid velocity and sand deposition at different cross-sections. There are obvious differences between the upward and downward pipes. Sand is mainly concentrated in the upward pipe, and deposition is the largest at the lowest cross-section of the pipe. The effect of gravity on the particles in the downward and upward pipe is different.



(3) As the particle size increases, the critical velocity also increases. However, the effect of particle size on the critical velocity is complicated, resulting in a large difference between numerical simulation and empirical formula when transporting large-sized particles. On the one hand, the empirical formula for horizontal pipe may not be accurate in predicting the critical velocity of V-inclined pipe; on the other hand, the numerical simulation uses the assumption of spherical particles and only considers the drag effect between phases.
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Figure 1. Schematic of the V-inclined pipe. 






Figure 1. Schematic of the V-inclined pipe.
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Figure 2. Grid structure of the pipe. 






Figure 2. Grid structure of the pipe.
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Figure 3. Net mass flow rate changes with flow time (horizontal pipe   L  =  80  m  d  =  0  . 02   mm  ). 
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Figure 4. Sand volume concentration changes with flow time (horizontal pipe   L  =  80  m  d  =  0  . 02   mm  ). 
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Figure 5. Net mass flow rate changes with flow time (V-inclined pipe   L  =  80  m  d  =  0  . 02   mm  ). 
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Figure 6. Net mass flow rate changes with flow time (V-inclined pipe   L  =  150  m  d  =  0  . 02   mm  ). 
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Figure 7. Net mass flow rate changes with flow time (V-inclined pipe   L  =  200  m  d  =  0  . 02   mm  ). 
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Figure 8. Sand volume concentration changes with flow time (V-inclined pipe   L  =  80  m  d  =  0  . 02   mm  ). 
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Figure 9. Sand volume concentration changes with flow time (V-inclined pipe   L  =  150  m  d  =  0  . 02   mm  ). 
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Figure 10. Sand volume concentration changes with flow time (V-inclined pipe   L  =  200  m  d  =  0  . 02   mm  ). 
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Figure 11. Liquid velocity at different cross-sections (inflow velocity = 0.4 m/s). 
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Figure 12. Sand volume concentration contours at different cross-sections of horizontal pipe (inflow velocity = 0.4 m/s). 
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Figure 13. Sand volume concentration contours at different cross-sections of V-inclined pipe (inflow velocity = 0.4 m/s). 
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Figure 14. Net mass flow rate changes with flow time (V-inclined pipe   L  =  80  m  d  =  0  . 05   mm  ). 
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Figure 15. Net mass flow rate changes with flow time (V-inclined pipe   L  =  80  m  d  =  0  . 1   mm  ). 
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Figure 16. Sand volume concentration changes with flow time (V-inclined pipe   L  =  80  m  d  =  0  . 05   mm  ). 
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Figure 17. Sand volume concentration changes with flow time (V-inclined pipe   L  =  80  m  d  =  0  . 1   mm  ). 
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Table 1. Slurry velocity at the S3 cross-section under different grid numbers.
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	Scheme Number
	Grid Number
	Slurry Velocity (m/s)
	Relative Error (%)





	1
	764,000
	0.3029
	0.66



	2
	1,487,600
	0.3010
	0.03



	3
	1,855,600
	0.3009
	0
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Table 2. Parameters under different simulation conditions.
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Parameters

	
Horizontal Pipe

	
V-Inclined Pipe




	

	
±2°






	
Grid cell size (m)

	
0.05

	
0.05




	
Pipe length L (m)

	
80

	
80/150/200




	
Pipe diameter D (mm)

	
2600

	
2600




	
Liquid density  ρ  (  kg ·   m   − 3     )

	
998.2

	
998.2




	
Sand density   ρ s   (  kg ·   m   − 3    )

	
2300

	
2300




	
Particle size d (mm)

	
0.02

	
0.02\0.05\0.1




	
Sand content   C s   (  kg ·   m   − 3    )

	
9.71

	
9.71




	
Sand volume concentration   C V   (%)

	
0.42

	
0.42




	
Inflow velocities (m/s)

	
0.3–0.7

	
0.3–1.6
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Table 3. Empirical formula of critical velocity for horizontal pipe.






Table 3. Empirical formula of critical velocity for horizontal pipe.





	Reference
	Empirical Formula





	Durand [16]
	    v c  =  F L     2 g D    ρ s  − ρ  ρ     1 2     



	Wasp [12]
	    v c  = 3.28    C V    0.243      2 g D    ρ s  − ρ  ρ     1 2       d D     1 6     



	Shook [13]
	    v c  = 2.43     C V    1 3      C D    1 4       2 g D    ρ s  − ρ  ρ     1 2     



	He Wuquan [19]
	    v c  = 1.8644 K    C W    0.2341      g D   ω  2     ρ s  − ρ  ρ     1 4     
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Table 4. Comparison between empirical formula and numerical simulation under different particle sizes.
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Particle Size

	
Emprical Formula

	
Numerical Simulation




	
Wasp

	
He Wuquan






	
0.02 mm

	
0.99 m/s

	
0.43 m/s

	
0.4 m/s




	
0.05 mm

	
1.16 m/s

	
1.10 m/s

	
1.1 m/s




	
0.1 mm

	
1.30 m/s

	
2.05 m/s

	
1.5 m/s
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